Introduction
Petroleum refineries utilize thermal cracking, catalytic cracking and hydrogenation processes to produce high quality oil products. Hydrodesulfurization is one of the most important methods to remove sulfur from petroleum fractions. Heavy oil contains various types of sulfur compound. The structure of the sulfur compounds affects the ease of sulfur removal 1) . Acyclic sulfur compounds including thiols and disulfides can be easily removed. In contrast, cyclic sulfur compounds containing a thiophene ring have lower reactivity, which decreases with a higher number of aromatic rings. The ease of sulfur removal follows the order: acyclic sulfur compounds thiophene benzothiophene dibenzothiophene (DBT).
The cost of sulfur removal in heavy oil upgrading may be reduced by the use of water as an alternative hydrogen source. Several studies have reported desulfurization of heavy oil using water 2) 5) . Benzothiophene and DBT were decomposed by hydrothermal reaction with alkali 2) . Upgrading of oil sand bitumen using supercritical water showed similar trends in sulfur content as upgrading in high-pressure nitrogen 3) , but addition of MoS2 catalysts improved the sulfur removal from Arabian Heavy crude oil in supercritical water 4) . Hematite nanoparticles were catalytically active to desulfurize thiophene in aquathermolysis 5) . We previously reported that catalytic cracking of atmospheric residual oil (AR) with iron oxide-based catalysts containing zirconia and alumina produced light oil using the oxygen and hydrogen species derived from steam 6), 7) . The oxygen species were incorporated from steam into the iron oxide lattice, and reacted with heavy hydrocarbons. The oxygen species were transferred from steam to carbon dioxide and a small amount of oxygen-containing compounds 6) . This reaction produced the hydrogen species from steam. Some of the hydrogen species were added to product hydrocarbons, suppressing alkene generation 6) . The present study investigated desulfurization of heavy oil with iron oxide-based catalyst using hydrogen and oxygen species derived from steam, and examined desulfurization of AR and reactivity of cyclic sulfur compounds using DBT as a model compound.
Experimental

1. Catalyst
The iron oxide-based catalyst containing zirconia and alumina was prepared by coprecipitation using aqueous solution of FeCl3 6H2O (146 mol/m 3 ), AlCl3 6H2O (19 mol/m 3 ), and ZrOCl2 8H2O (9 mol/m 3 ). The catalyst was pelletized without binder, crushed, and sieved to yield particles of 300-850 μm after heating at 873 K for 1 h in a steam atmosphere. The contents of ZrO2 and Al2O3 were calculated at 8.2 wt% and 7.0 wt%, respecitively.
Catalytic Cracking of DBT
Catalytic cracking of DBT was performed with steam (FS 2.9 10 -3 kg/h) at 748 K under atmospheric pressure. The catalyst (W 0-3.0 10 -3 kg) was loaded in a down-flow type fixed-bed reactor as described previously 7) . Dibenzothiophene was dissolved in benzene, and the 1 wt% solution (F 1.1 10 -3 kg/h) was fed to the reactor by a syringe pump. Benzene was confirmed as little decomposed by the catalyst below 773 K. Liquid and gas products were separated using an ice trap. The pump of feedstock was stopped after 2 h of operation.
Liquid samples were analyzed by a gas chromatograph (HP6890, Agilent Technologies) with a sulfurchemiluminescence detector to measure unreacted DBT. Hydrogen sulfide in the gas product was measured by gas detecting tubes (GASTEC Corp.). Carbon dioxide and C1-C4 hydrocarbons were analyzed by gas chromatographs (GC-12A and GC-14A, Shimadzu Corp.) with thermal conductivity and flame ionization detectors equipped with Porapak-Q and Unibeads 3S columns, respectively.
3. Catalytic Cracking of AR
AR was derived from Middle-East crude. The C, H, N, and S contents in AR were 85.7, 11.6, 0.16, and 2.48 wt%, respectively. The oil was diluted to 10 wt% with toluene to reduce its viscosity. Toluene was confirmed to be little decomposed by the catalyst below 773 K.
Catalytic cracking of AR was performed using the same reactor as DBT cracking at 748 K under atmospheric pressure. The AR solution (F 1.1 10 -3 kg/ h) and steam (FS 0-2.9 10 -3 kg/h) were fed to the reactor loaded with the catalyst (W 1.5 10 -3 kg). Sulfur content of the liquid samples was determined by oxidative microcoulometry according to JIS K 2541-2. Hydrogen sulfide and sulfur dioxide were measured by gas detecting tubes (GASTEC Corp.). Carbon dioxide and C1-C4 hydrocarbons were analyzed by the same method used in DBT cracking. Carbon and sulfur contents deposited on the catalyst were measured by elemental analysis (EA1110, Finningan Mat).
Results and Discussion
1. Desulfurization of DBT
Desulfurization of DBT as a model compound of a cyclic sulfur compound in heavy oil was examined. Carbon dioxide, hydrogen sulfide, and C1-C4 hydrocarbons were produced (Fig. 2) in DBT cracking. The amount of C1-C4 hydrocarbons was small (1.3-2.4 10 -5 mol/mol-DBT). Carbon dioxide and hydrogen sulfide increased with higher conversion. The yield of hydrogen sulfide proportionally increased with the yield of carbon dioxide (Fig. 3) . Oxygen species derived from steam were reported to react with heavy hydrocarbons, and the oxygen and hydrogen species were transferred to carbon dioxide and light hydrocarbons 6) . In the catalytic cracking of DBT, the oxygen species reacted with DBT. As steam consumption increased with higher W/F, transfer of the oxygen species from steam to carbon dioxide and the hydrogen species from steam to hydrogen sulfide increased.
The yields of carbon dioxide and hydrogen sulfide proportionally increased with conversion at W/F below 0.9 h and drastically increased at W/F above 0.9 h (Fig. 2) . Catalytic cracking of DBT produced carbon dioxide, hydrogen sulfide, hydrocarbons, and sulfur compounds, and the hydrocarbons and sulfur compounds were further decomposed to produce carbon dioxide and hydrogen sulfide at W/F of 2.7 h.
Cyclic sulfur compounds including DBT are less reactive than acyclic sulfur compounds 1) . However, DBT was decomposed using the present catalyst in a steam atmosphere. These findings indicate the possibility of decomposition and removal of various types of sulfur compounds in heavy oil,
2. Desulfurization of AR
AR cracking with the iron oxide-based catalyst was found to produce light oil, residue deposited on the catalyst, C1-C4 hydrocarbons, and carbon dioxide 6) . To examine the desulfurization of AR, the concentrations of sulfur in product oil, hydrogen sulfide and sulfur dioxide in product gas, and sulfur in residue were measured. Table 1 shows the sulfur concentration, yields of hydrogen sulfide and sulfur dioxide, and carbon yield.
Sulfur concentration in the product oil was decreased to approximately half that of feedstock, and hydrogen sulfide was generated. The results indicated that sulfur compounds in AR were decomposed. Sulfur concentration in the residue was 2.6 wt%, which corresponded to a S/C molar ratio of 0.010. The S/C value of the residue is almost same as that of AR (S/C 0.011).
Effect of Steam on Desulfurization of AR
The carbon yield of oil and residue produced by catalytic cracking of AR was almost constant at the ratios of steam to feedstock of 0 to 3 g/g 6) . Sulfur yield of AR cracking was determined from the sulfur concentration and carbon yield (Fig. 4) . The yield of hydrogen sulfide increased with higher ratio of steam to feedstock, whereas AR cracking without steam produced little hydrogen sulfide. The yield of hydrogen sulfide proportionally increased with that of carbon dioxide in the catalytic cracking of AR with steam (Fig. 5) . The same trend was observed in DBT cracking (Fig. 3) . These results indicate that sulfur compounds in AR reacted with the hydrogen species derived from steam to produce hydrogen sulfide, as the oxygen species were transferred to carbon dioxide.
Sulfur dioxide was generated in the AR cracking without steam (Fig. 4) . The lattice oxygen of iron oxide was consumed in the reaction of AR without . Consequently, part of the lattice oxygen was transferred to sulfur dioxide. Sulfur dioxide could be produced by the reaction of sulfur compounds and the oxygen species derived from steam in the AR cracking with steam, although no sulfur dioxide was detected in the product gas because sulfur dioxide is dissolved in water.
Sulfur content in the residue gradually decreased and sulfur compounds in the oil decreased and increased with higher ratio of steam to feedstock (Fig. 4) . Sulfur compounds in AR was deposited and decomposed on the catalyst. The hydrogen species increased with higher ratio of steam to feedstock and reacted with heavy sulfur compounds deposited on the catalyst to produce light sulfur compounds and hydrogen sulfide. Sulfur compounds in the oil decreased due to the sulfur removal by generation of hydrogen sulfide. However, sulfur compounds in the oil increased at the ratio of steam to flow rate of 2.7 g/g because larger amounts of oxygen and hydrogen species could promote the decomposition of heavy sulfur compounds resulting in increased light sulfur compounds in oil.
Total sulfur yield of hydrogen sulfide, sulfur dioxide, oil, and residue was 76-79 % due to the sulfur content in water and measurement errors of sulfur concentration. Sulfur dioxide and hydrogen sulfide have high solubility in water (SO2 : 1.4 mol/kg, H2S: 0.087 mol/ kg at 25 8) ). Injection of nitrogen into the water collected in the AR cracking resulted in detection of hydrogen sulfide. Therefore, generation of hydrogen sulfide could be greater than the yield shown in Figs. 4 and 5. Total sulfur yield was not 100 % in AR and DBT cracking because sulfur dioxide and hydrogen sulfide could be generated and dissolved in water.
Conclusions
Desulfurization of heavy oil was examined by catalytic cracking of DBT and AR with steam using the iron oxide-based catalyst. The conversion of DBT cracking increased with higher W/F, indicating that the catalyst was active for decomposition of cyclic sulfur compounds. Sulfur concentration in the product oil from AR cracking decreased to approximately half that of feedstock. The products were carbon dioxide, hydrocarbons, and hydrogen sulfide. The yield of hydrogen sulfide increased with higher ratio of steam to feedstock, whereas hydrogen sulfide was little generated in the AR cracking without steam. Heavy sulfur compounds in AR were deposited on the catalyst and reacted with the hydrogen species derived from steam, producing hydrogen sulfide, light sulfur compounds and hydrocarbons. Some oxygen species derived from steam could be transferred to sulfur dioxide. Therefore, hydrogenation and oxidation by the hydrogen and oxygen species derived from steam resulted in desulfurization of heavy oil.
